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We report the discovery of giant and anisotropic magnetoresistance due to the orbital rearrange-
ment in a non-magnetic correlated metal. In particular, we measured the magnetoresistance under
fields up to 31.4 T in the cubic Pr-based heavy fermion superconductor PrV2Al20 with a non-
magnetic Γ3 doublet ground state, exhibiting antiferro-quadrupole ordering below 0.7 K. For the
[100] direction, we find that the high-field phase appears between 12 T and 25 T, accompanied by
a large jump at 12 T in the magnetoresistance (∆MR ∼ 100 %) and in the anisotropic magne-
toresistivity (AMR) ratio by ∼ 20 %. These observations indicate that the strong hybridization
between the conduction electrons and anisotropic quadrupole moments leads to the Fermi surface
reconstruction upon crossing the field-induced antiferro-quadrupole (orbital) rearrangement.
Spintronic devices using both electronic charge and
spin degrees of freedom have been developed, for in-
stance, memory devices using the giant magnetoresis-
tance (GMR) effect of ferromagnetic multilayers [1]. In
addition to the spin and charge degrees of freedom, elec-
tronic orbital degrees of freedom have attracted much
attention due to the discoveries of exotic orbital order-
ing and orbital liquid states [2, 3]. Moreover, since elec-
tronic orbitals coupling with lattice are responsible for
forming the band structure, the orbital rearrangement
should make dramatic effects on the transport phenom-
ena. Indeed, some perovskite-type manganese (Mn) ox-
ides exhibit a gigantic negative magnetoresistance named
as colossal magnetoresistance (CMR), induced by the
suppression of the Mn orbital ordering under magnetic
field [4].
On the other hand, to develop higher density mem-
ory device, it is important to find a mechanism for
non-ferromagnetic materials to exhibit a large transport
anomaly such as anisotropic magnetoresistance (AMR)
and anomalous Hall effect without having spontaneous
magnetization, as stray fields perturbing neighboring
cells are absent [5–7]. The AMR is defined as the dif-
ference between the resistances measured with currents
applied parallel and perpendicular to the ordered spin
direction, namely magnetic field. The AMR has been
observed in the ferromagnetic and antiferromagnetic al-
loys [8]. In the case of antiferromagnets, the AMR effect
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has been limited to 1-2 % at room temperature [9, 10].
Orbital ordering might be more useful for the observa-
tion of a large AMR not only because it should intro-
duce anisotropy in the transport and in the electronic
structure but because orbital moments are in principle
non-magnetic. In fact, strongly anisotropic transport has
been reported near the putative quantum critical point
of the orbital (nematic) ordering in the iron based super-
conductors [11–13].
In 3d transition metal compounds, however, the AMR
may arise from various effects accompanied by the orbital
ordering. First of all, the orbital ordering in the 3d sys-
tems is often induced by Jahn-Teller distortions, and thus
the lattice distortion could lead to a large anisotropy in
the resistance. Furthermore, the orbital degrees of free-
dom cannot be decoupled from the spin degree of free-
dom, thus it is usually hard to neglect the magnetic con-
tributions to the transport anisotropy [14].
In sharp contrast, the strong spin-orbit coupling in
4f rare-earth materials may provide an ideal situation
for the study of orbital physics. For example, purely-
orbital effects can be studied in a cubic system that
possesses non-Kramers rare-earth ions with even num-
bers of 4f electrons such as Pr3+. Some of them ex-
hibit a non-magnetic Γ3 doublet ground state stabilized
by the cubic crystalline-electric-field for the non-Kramers
ions [15]. The Γ3 doublet has only non-magnetic electric
quadrupole O22 , O
0
2 and octupole Txyz moments, without
magnetic dipole moments. Normally, these degrees of
freedom are lost at low temperatures by multipole order-
ing. Moreover, compared to the transition metal systems,
4f electron systems have relatively low energy scales, and
2FIG. 1. (Color online) B-T phase diagram for B || [100] ob-
tained from the magnetoresistance ρ(T,B). Circles indicate
anomalies observed in ρ(B), shown by open arrows in Fig. 2.
Squares indicate the shoulder in ρ(T ) given in the supplemen-
tal material. Diamonds are plotted from the anomalies in the
low-temperature magnetization M(B, T ) [19].
it is feasible to tune their ground states by external fields
and pressure through quantum critical points [16–18].
The cubic Pr-based compound PrV2Al20 has the Γ3
ground doublet and exhibits antiferro-quadrupole order-
ing below 0.6-0.7 K [20]. In the related compound
PrTi2Al20, the Γ3 ground doublet in the cubic crystalline
electric field has been confirmed by inelastic neutron scat-
tering measurements [21]. Within the quadrupolar or-
dered state, PrV2Al20 undergoes a transition into a heavy
fermion superconducting phase below 0.05 K, demon-
strating the strong hybridization between conduction
electrons and the quadrupole moments [22]. In addition,
the strong hybridization makes the system proximate to
a quadrupolar quantum critical point. In fact, under
magnetic fields along the [111] field direction, quantum
critical behavior in the temperature dependence of the re-
sistivity was observed around 11 T, where the quadrupole
phase becomes fully suppressed [23]. On the other hand,
field-induced exotic phenomena due to quadrupolar fluc-
tuations are expected for other field directions. Along
the [100] field direction, another high-field phase was
found above 11-12 T below ∼ 1 K via low tempera-
ture magnetization measurements [19]. This high-field
phase transition may well be induced by a rearrangement
of quadrupole moments from the low-field antiferro or-
der state. Given the large hybridization, the anisotropic
magnetoresistance across the quadrupolar transition is
highly likely and it is thus quite interesting and impor-
tant to study the magnetoresistance effects of PrV2Al20
FIG. 2. (Color online) Field dependence of the magnetoresis-
tance ρ(B) for B || [100] below ∼ 1.3 K up to 31.4 T. The
inset shows ρ(B) below 4.5 T measured at 0.41 K (red), 0.54
K (purple), and 0.64 K (brown). The open arrows denote the
transition fields.
under the field along [100].
In this paper, we report comprehensive results of
the magnetoresistance measurements and the magnetic
phase diagram of the quadrupolar ordered state in
PrV2Al20 for the field parallel to the [100] direction.
Especially, we have discovered a sharp magnetoresistive
jump accompanied by a large AMR through the field-
induced transition at 12 T for B || [100]. The large and
anisotropic magnetoresitance has never been reported for
non-magnetic quadrupolar systems. We attribute them
to the reconstruction of the 4f Fermi surface induced by
the field-induced switching of the quadrupole orderings.
The experimental method is described in the supplemen-
tal information (SI)
First as a summary, we present the magnetic phase dia-
gram for B || [100] in Fig. 1, determined by the anomalies
observed in the magnetoresistance ρ(T,B). The high-
field phase was observed between ∼ 12 T and ∼ 24 T
below ∼ 1.2 K. This phase cannot be explained by the
crossing of the crystalline-electric-field levels since the
magnitude of the gap (∼ 40 K) between first-excited Γ5
triplet and ground Γ3 doublet is too large for such a level
crossing [19, 20, 24]. For another cubic Γ3 compound
PrPb3, Y. Sato et al., has proposed a mechanism of the
field-induced phase transition in the antiferro-quadrupole
ordered system with Γ3 ground doublet for B || [100] [25].
Accordingly, an antiferro-quadrupole O22 state is also ex-
pected to become stable under high B || [100] assisted by
the octupole Tβ interaction. As we show below and SI,
the sharp anomalies seen in the field and temperature de-
3pendences of the resistivity across the phase boundaries
into the high-field phase and the nearly absence of a cor-
responding change in the magnetization indicate that the
high-field phase should be indeed an antiferro-quadrupole
state.
Figure 2 shows the field dependence of the magnetore-
sistance ρ(B) for B || [100] (⊥ I || [011]) below 1.3 K
up to 31.4 T. At 0.46 K, we observed three anomalies, a
shoulder at 2 T, a distinct jump with a hysteresis at 12
T and a kink at 25 T. As shown in the inset, a shoulder
at ∼ 2 T does not exhibit clear temperature dependence
up to TQ ∼ 0.64 K. The jump at 12 T is due to the
phase transition by entering the high-field phase as also
observed in the low-temperature magnetization measure-
ments [19]. The hysteresis observed at 0.46 K indicates
the first-order character of this transition. With increas-
ing temperature, two anomalies at 12 T and 25 T ap-
proach each other and disappear at 1.27 K. In the SI, we
show the temperature dependence of the resistivity ρ(T )
under fields up to 28 T for B || [100] In the tempera-
ture dependence, the kinks due to the transitions for low
and high field phases are also detected. Significantly, the
resistivity anomalies across the phase boundary into the
high field phase are sharp. This clearly indicates that
the high-field phase should not a ferro- but an antiferro-
quadrupole order, as we discussed above. From these
anomalies in ρ(T,B), the multiple phase diagram is con-
structed as shown in Fig. 1. Above ∼ 25 T, we did not
detect any anomalies in both ρ(B) and ρ(T ), indicating
that, for fields above 25 T, one stabilizes polarized para-
quadrupole states.
As shown in Fig. 2, we find a large magnetoresistance
jump across the field-induced transition at 12 T for B ||
[100]. The magnitude of the change of the magnetore-
sistance at the transition is ∆MR = ∆ρjump/ρ0T ∼ 100
%. As we discussed, a similar high-field phase for B ||
[100] was also observed in the cubic antiferro-quadrupole
ordered system PrPb3 with the Γ3 ground doublet [25].
However, the magnetoresistance anomaly due to the field-
induced phase transition in PrPb3 is much smaller than
our data for PrV2Al20 [26]. The important character pe-
culiar to PrV2Al20 is the strong hybridization between
conduction electrons and quadrupole moments. Indeed,
the quadrupolar fluctuation is enhanced by the strong
magnetic field as discussed for B || [111]. Thus, the field-
induced quadrupole rearrangement most likely causes a
reconstruction of the Fermi surfaces having a large 4f con-
tribution through the strong hybridization, thus resulting
in the large change in the magnetoresistance.
Since a quadrupole moment results from an anisotropic
charge distribution, the band structure and the resul-
tant transport properties should also become anisotropic
by the quadrupole ordering. In order to evaluate the
anisotropy, we focus on the anisotropic magnetoresis-
tance (AMR) ratio in the high-field phase above 12 T
for B || [100]. AMR is defined as the difference between
the longitudinal magnetoresistance ρ|| and the transverse
magnetoresistance ρ⊥.
FIG. 3. (Color online) Longitudinal (a) and transverse (b)
magnetoresistance for B || I || [100] and B || [010] ⊥ I ||
[100] at 0.45 K and 1.6 K up to 31 T in PrV2Al20, respec-
tively. Dashed line indicates those in LaV2Al20. (c) displays
the anisotropic magnetoresistance ratio (ρ⊥− ρ||)/ρav, where
ρav = (2ρ⊥ + ρ||)/3, obtained from the data in (a) and (b).
(d) indicates the linear magnetostriction ∆L/L0 for L || B ||
[100] up to 14.5 T and d(∆L/L0)/dB at 0.1 K. (e) displays
the magnetization M for B || [100] up to 14.5 T and dM/dB
at 0.1 K [19].
Figures 3 (a) and (b) show the magnetoresistance for
two conditions of B || I || [100] (longitudinal, ρ||) and B
|| [010] ⊥ I || [100] (transverse, ρ⊥) at 0.45 K and 1.6
K, respectively. We also measured them in the reference
compound LaV2Al20 without 4f electrons. Since these
have a cubic crystal structure, the electronic state for B
|| [100] is intrinsically the same as that for B || [010].
Therefore, we may study the longitudinal and transverse
magnetoresistance without changing the electronic state
even under magnetic field. Longitudinal and transverse
conditions for the same sample were obtained by rotating
the sample holder. These two field angles are precisely
determined by the Hall sensors attached to the sample
holder at low temperatures. At 0.45 K inside the ordered
phase in PrV2Al20, we observe two anomalies at 12 T and
23 T, which are almost consistent with those found in the
4magnetoresistance shown in Fig. 2.
Figure 3 (c) shows the AMR ratio (ρ⊥−ρ||)/ρav, where
ρav = (2ρ⊥+ρ||)/3, obtained from the data given in Figs.
3 (a) and (b). In the high-field phase in PrV2Al20, the
value of AMR is about 30 %. This large AMR is absent
in the para-quadrupole state at 1.6 K. AMR in the refer-
ence compounds LaV2Al20 without 4f electrons is only
5-10 % in this field region. These indicate that 20-25 %
AMR in the high-field phase in PrV2Al20 is purely due
to the 4f contribution. From these, the large AMR in
the high-field phase in PrV2Al20 cannot be explained by
the cyclotron motion inducing the transverse magnetore-
sistance.
To discuss the origin of the AMR in the high-field
phase, now we examine the field dependence of the lin-
ear magnetostriction ∆L/L0 and the magnetization M
at 0.1 K up to 14.5 T for B || [100], where L0 is the
sample size at room temperature. The magnetization
data was already reported in Ref. [19]. The field deriva-
tives d∆L/L0/dB and dM/dB exhibit tiny but distinct
anomalies at ∼ 12 T due to the crossing of the phase
boundary towards the high-field phase. The clear jump
in AMR ratio (20 - 25 %) is very different from the field
dependence of ∆L/L0 and M . This weak anomaly in
M and ∆L/L0 suggests that the AMR in the high-field
phase is not accompanied by any macroscopic lattice dis-
tortion and magnetization change. Around 12 T, the
magnitude of the tiny metamagnetic jump is just 0.6 %
of 3.2 µB, the full moment of Pr
3+. The value of ∆L/L0
at 12 T is just 0.005 %, suggesting the cubic structure is
almost preserved even in the high-field phase. The AMR
with almost no spontaneous magnetization change and
distortion in the high-field phase probably comes from
the non-magnetic field-induced antiferro-quadrupole or-
dering strongly coupling with the conduction electrons.
In comparison, the AMR ratio in the antiferromagnetic
materials has been limited to 1-2 % which is one order
magnitude smaller than our observations [9, 10].
Finally, we compare our results for PrV2Al20 with the
case of iron-based superconductors Ba(Fe1−xCox)2As2,
which also exhibit a strongly anisotropic resistance al-
most without macroscopic distortion and spontaneous
magnetization. In BaFe2As2, the antiferromagnetic or-
dering almost coincides with a tetragonal to orthorhom-
bic structural transition at 130 K [27]. By doping Co,
these transition temperatures are strongly suppressed
and disappear at the Co composition of x ∼ 0.07, where
superconducting transition temperature peaks [28]. Sig-
nificantly, in the low-temperature antiferromagnetic or-
thorhombic phase, the laser angle-resolved photoemis-
sion spectroscopy has revealed that the Fermi surface
is mainly composed of iron 3d bands [11]. In the or-
thorhombic phase of BaFe2As2, the lattice parameters
are a = 5.61587 A˚, b = 5.57125 A˚ and c = 12.9428
A˚, almost preserving the tetragonal structure. Note
that, at x ∼ 0.04 in the vicinity of the composition
(x = 0.07) where the structural transition disappears, the
ab-plane anisotropy in the resistance strongly develops
up to ρI||b/ρI||a ∼ 1.8, where the anisotropic resistance
ratio is (ρI||b−ρI||a)/ρave ∼ 60 % (ρave = (ρI||b+ρI||a)/2)
[12]. Above the temperatures of structural transition and
superconducting dome, an electronic nematic state with a
local ab-plane anisotropy was revealed by angle-resolved
magnetic torque and synchrotron X-ray measurements
[13]. While there would be still some effects due to 3d
spin correlations, these observation suggest the ab-plane
anisotropic resistance would originate from the electronic
nematic order due to the 3d orbitals and not from a
macroscopic structural distortion.
Very interestingly, a possible electronic nematicity has
been also pointed out for the 4f -electron based tetrag-
onal antiferromagnet CeRhIn5 [29]. Namely, a substan-
tial anisotropy in the ab-plane magnetoresistivity was ob-
served in the vicinity of a field-induced antiferromagnetic
quantum critical point, suggesting the emergence of the
electronic nematic state [29]. However, in this case as
well, it is hard to isolate the pure orbital contribution
from the magnetoresistance since the Ce ion has the 4f -
moment due to the Kramers degeneracy.
Here we note that our discovery in this paper provides
a much clearer case without involving any spin degrees
of freedom. Namely, our observation of the large AMR
in the high-field phase of PrV2Al20 for B || [100] re-
sults from the spontaneous change in the c-f hybridized
band structure induced by the rearrangement in the 4f -
nonmagnetic orbitals (quadrupoles). This orbital rear-
rangement causes almost no change in the magnetization
and structure.
In conclusion, we have measured the magnetoresis-
tance in the cubic antiferro-quadrupole ordered state of
the heavy fermion superconductor PrV2Al20 with the
non-magnetic quadrupolar doublet ground state and es-
tablished the magnetic phase diagram for B || [100].
Upon entering the high-field phase at 12 T, we have dis-
covered a large magnetoresistance jump with the magne-
toresistance ratio 100 % accompanied by the large change
in the anisotropic magnetoresistance by ∼ 20 %. These
large changes in both magnetoresistance and anisotropic
one are the consequences of the reconstruction of the
Fermi surface at the field-induced quadrupole rearrange-
ment due to strong hybridization between the conduction
electrons and nonmagnetic 4f quadrupole moments.
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